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FINAL REPORT GN CONCRETE PENERATION

Abstract

This report sumnarizes the work on concrLete penetration and per-
foration which has been done by the Princeton group during the war.
The first r.ection outlines ths state of knowledge on this subject at
the beginning of our work by reprinting H. P. Robertson's originaJ
summary of his initial report on Terminal ballistics of January 1941.
There follows a listing of our principal reports on concrete since
that time with brief notes describing the contents of each report.

SucceedinT sections describe the general aspects of the problem
and outline an approximate theory oL concrete penetration which re-
presents the best recommondation. that- can be made in the present
state of our kniowlodgd.. It in shown in the Appendix how this theory
ii an outgrowth of provious work on thio subject. Formulae arc do-
rived for computing the. resistihg force during penetration, the re-
maining velocity as a function of depth during ponotrktion, and times
of pcnctration. -Soiectod data on the effocts of.projectile"nose
shape and mass, and of concrete properties are analyzed to illustrate
the application of the proposed theory,'. Suggostions aro.mqadq.con-..•_
corning further work on the subject of concrete penetration.- ..

,. , . .,. .'•A• LOOA

1. INTIOMMJCTiO REV=T MID DIRLXOGRAFTIT

"Sin6 the.1atter part of 1.9 40 rniearch.has bo(e'n.ccriLcd at "rinccton

on concrete penetration by b90bs and projoctiles. The resoarch was initi-

ated by the Comittoe on Passive Protqction Against Bombing (PPAB). This

Committee was formed by the National Academy of Sciences for the puxose of

carrying out resoarchk on protection against bd.,blng for the 0fficc rf t0c

Chief of Engineers, U.S. Arm. on July 1, 194%, the n.im- of the Croup wasr

changed to COmmittee on Fortification Design (CVD), and thb formal connec-

tion with the Corps of Engineers was terminated as of October 31, 1944.

From the beginning this work was very closely integrated with "The research

program of DiviSion 2, NDRC, in the field of terminal ballistics.

The afnotatcd bibliography which follows is intended to servo both as
a historical review of the "nork since 1940 and te a list of. the principal

relferences for thu purposes of the. remainder of this report. Only the more

important itcms have bocon included. The state of knowiodgc on the terminal

-CG'. O IDFN -IA
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balliztics of concrete and oarth as of 1940 is co~vcimd by H. P, Rel-rtson's
sum¶,•7. of his r-liert on Terminal ballistics reprinted in the fist item of
the Bibliography. Attentidon is drawn to the frct that this report oontains
etenSive bibliogrsphical referencos to earli.,r work.

Bibliography

The abbrcaiations PPAB and CMD refer, respectivery,, to the Committee on
Passive Protection Against Bombi-ig (July 1, .,1940. Jsune 30, 1943) and its.. I

successor, .the C6dmitteo on Fortification Desigd (July 1• i9t43 - October 31,
1944). Th.- report, df'-these .Coiuittees.were made totthe -Chief of Engineers,
United States AM and their distribution lieh Iii ,4e. hands. bf the. Office of

the Chief of.-tntincers, United .tateh W,!..•ashington, D.C.-

I. Terminal ballistics, by H. P. Robertson, PPAB Interim Report, January
1941. Unclassified.

The author's origI~nai eummar'y of this initial. PPAD report is sts fo3.lc"stThe general problem confronting the Covtmitte can be broken down into several
subordinate problemo, each of which may.bo .attacked more.or "es. independent-
4 ot.the others,.' This intaefi report doals with the present state of. know-
ledge concerning one such :aspoct: namclyr, the- ability of a given material,
such ab earth or concrete, to withstand the impact of a - bmh., '.v•fr asthis-abilitv is attkibutable' to the iocaiire.d ,.. such as... strength or
density, o.' the matarial, .

Part I deals with-theo6os*and'data on the penetration of,an inert bomb
into an unlimited deformable .olid or semisolid material. The depth of
ponatration may be ezpected to depend upon

a. Properties of the bombi weighti,
caibar.d-, shape-

b. §ri• conditions, velocity v
" angle of incidnce, yaw;

c. Properties of the tarFtet material:
strength (such as compressive
strongtIh or hardness), density,
porosity,

Since the latter clements (c) are ultimafely responsible for the re-
sistance R to penetration, it is most appropriate to base the investi6tion
on the Ti'Id.mantal equation of motion;'

1 . ) W d 2 x

• -r ,



In 'ill the theories considered R may be taken as the product f.f or t.wo
fictors, the first K(r) dcpcndig on the deoth x of penetration already
achieved, and the othtir f(v) on the vyloc4- =vv -f tho projectile at that
stago. In the majorit7 of the invos-igaio nstoud in the literature,
this assumption is further specialized'(Sce, 2) by taking " as a constant
proportional to the cross-sectional area A of the bomb. The rosirtance
'IfW than by written

R= A f'rv),

and the sectional resibtance f(v)maybe interpreted as the energy neces-"
sary to displaca unit velume of target material by a projectile moving
with velocity v; in the-units adopted in the'report f(v),is measured in
pounds per square inch, and one of the'problems encountered is that of
identifying f with some significant stress parameter of the med-,um. It
is shown that such a resistance leads to a maximum depth of penetration xi
of the form

(2.4) x= P F(ir),.

where P = W/A is the sectional pressure of the bomb, and F(vo) is a func-
.- tion of the striking.velocity vo, which can be obtained by integration from

thb sectional resistance f(v).

S The principal sectional-pressure formulae, associated with the names.'.
of 'Suler, Poncolet,' and de Giorgi, are discussed in the remaining parts of"
Soc. 2.. Eulor (See. 2a) assumed the resistance to be a constant, whenco

(2.7) v2';.
• $ ,.Q '• . -

,much of the recent Gormwi work .(Pores) on air..raid protection is based upon
the use of this formula. Values of the strength parameter, f = •, for var-
ious substances and from various sources, are collected in Note I at the
end of the report; most of them are, however, quite useless, because of in-
adoq•ite data or specification.

The second formula considered (Soce. 2b) is based up.)n the theory
developed by Poncelet, supplemented by the admirable experimental program
of t.he Metz Committee (1835). Poncelet's assumpt±3nm may be interpreted
to moan that the projoeutiio must not only supply energy to disrupt the
cohesion of the material (as in the Euler hypothesis), but also energy to
remove the detritus from its path; the resistance is then _

R = A(a + by2)p

whore the "shatter strength" a is a measure of the cohesive force, corres-
ponding to Euler's coofficiont p, and. the c-nstant V appearing-"F the in-
ertial term is proportional to the dnsit w' of the target material. -Tho
rest-ing penetration formula is

CO.N F i D"E N T I A h_
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The Piobort-!Morin-Didion values of a and b f.)r vaious media, are -ivwn iii
t:ic original and in English units in Not,.-2, and the rolntion of b to tbc
ucrzity of the modium is Uscussod in Note 3. Nuqh Qf the moderni--ork *cn

penetration employs a special cadc of Poncelet's formula, due to P~trY'.(191O),
in which b/a is given'a definite irzeribal value, the same for all media;.
Fdtry's forujla 'ý1s boon transcribed hare in the form

(2.13') xi = Pogio (I + v2 ?215,00)p

where the striking velocity v° is in feet per second. Values of the pirsm-
eter K for various materials are listed in Note 4.

The last of the sectional-pressure formulae discussed in detail is that
of Nobile ac Giorgi (Sec. 3c). Do Giorgi reduced scattered penetration data
in accordance with the general formula (2.4) and summarized tho rcsulting
F(v ) in tabular form; his F-va1lun, reduced to standard English units, are
giv8 n in eNtto . - n a

The sectional-pressure formulae of Sulcr, Poncdlet, Petr-, and .do Go.gi,
for concrote oiý iimilar "mdia, aro co'mpare'dgraphicplly in Plates I and II---
in Plato I on adjusting the strength parameters to bring the curves .nto
agreemont at around v = 70 ft/soc, and In Plate Il with the original par&-
metor values. The' aplication of 'the sectionfl-prossurc formalae 'of Eizor,
Pbtry, MAd do Giorgi to Aberdeen Provfng Groud :data on the penctratieri of
projectiles *i,.d bombs into oarth is pivon graphically in.Platc IV.

In Soc.. 3 situations are considei-d :, which the resistance cncountcoed
by the projectile may be expected to -dpe'd on.the du1-. h X of penetration.
The first of those, discussed in Sec. 3a, is the case of 7hallow penetration,
in which the actual" shape of'th:nose 6f the.bomb may'be" expected to play-a
not inconsiderable role. :The. most natural modification of the expression
for the resistance, traceable back to. Morin (1836.), leads to the penetratioh
formula . .-

where V(Nx) is the actual volume swept 6ut by the projectile on penetrating
to a deptA x,, and F(v ) is the velocity fundti~n previously introduced;
this result Is illustrated graphically ii'Plate III for the hypothetical
case of a conical-nosed projectile piercing a thin plate.

The secon," nonsectional pressure theory consiJered is that of Vieser
(1935), who professes to derive the penetration formula

(3.10) Fz0/3

Q 7 " 1 D 1 N T I A L
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frcm known elastostatic results, where E is the striking energy of the
,,omi ands is the compressive strength of the target material. Although
there is little or no theoretical or empirical justificatlon for this
formula, Vieser's many papers on the subject have had oonsiderable in-
fluence on recent German literature on air-raid protection, and iV- has
therefore beeh thouwht desirable to include ir Sec. 3b an account and an
attenptc'J interpretation of his formula.

Part I concludes with .a brief discussion of the deviations from the
theoretical fo.-mula to be expected because, of oblique incidence, yaw, and
the distortion of the bomb case.

In Part II rupture .df the target, by spklling from the front face or
scabbing from the back face, is discus-ed, with emphasis on the latter
aspect. The formulae

(5.14) 3 KN2

(5.6) ;1 K~ov,

propaed by de Giorgi' and by Heidinger, respectively, for the scabbing
depth a caused by a projettile of weight W and velocity Z are subjected
to a critical examination. M fcrmlaty

(5.7) a= KWV
r

is proposed in the report, as an alternative which seems more plausihim
on theoretical grour.is. Dbu it is to be conc'.Ided that there are at
present insufficien- data available to al..ow a reliable trept•m.nt of
scabbi ng.

Part III is devoted to the quest",n'of perforation of.a. tareget of
given material and thickness u; in .. to the case in which scabbing
is inconsiderable, perforatio• boin- acievc-1 by pure stcp-by-s.ep
penetration, and in Sec. 7 to the case In which scabbing may play a mot'e
important role. In the former, application is made to t.he probiz of.
determining the "limit velocity" v1 of the plat*--1ht is, the velocity
Just sufficient to cause pl'foroationo The for-zLka

(6.8) v I de".

49 derived on the Poncelet hypothesis, and compared with various perfora-
tion formulae. The penetration" cycle is discussed in Note 6, and the re-
suits illustrated graphically in Plato II. Section 7 contains an ex-
rosition, following N. de Giorgi, of a method by which the combined effect
nf penetration plus scabbing may be determined from the separate penetra-
tion ani gcabbin- formulae.

C " N F I D E N'T I A L



The '.r::l. Part IV reviews briefly the conclusions that may bc dras.:r from
t! investiraion ,.,ith particular rsference to the dependence of penetration

a. 1.;ei!ht and size of bonn,
b. Striking -eloo-ity,
c. Physical proportic- of

the target,

(a) The data available in the literature seem to warrant the cxpectation
that for similar bombs the depth of enotration (2.4) is proportional to ý1hh
-:ctronal pressure P of the bomb, with a coefficient F(vo , hnich doepnds on
the stri]kin- velocity,' that is,

This implies a resistance

R Af(v)

proportional to the cross-sectional area. A of.thc .omb.

(b) Again, the available data seem to warrý,..t the expectation that the
sectional rpsist:Ance f(v) dccrcasos l" the velocity of the bomb decreases,
It is consicdered significan- that the empirical de Giorgi formula agrees
closely with a formula of the Poncelet. type .Plate I), and it is according-
ly siggented that the assumption

(2.3) t(v) - a + bv2, F(v) P F I *h 2

be entertained as a working hypohesis.

(c)' The nbed for i more adequate corrolatioA ef elements entering into
the penetration pr6cebs-*ith ascertainable physical propcrties of the tar-
get material is stressed. .M theoretical arumecnt favoring a sectional re-
sistancc F(v) of the form (2.8) is advancec In brief, it is aru._-UW that
thc actual mechanis'icf resistafec involves both the overcominr. of cobh.slon
and the overconing of the inertial reaction of the res'in'4•. detrt1G Lt-us;t
contended Uhat th,. two terms a nd.vz antcring i'.to f(,) above ado, in
fact, rc!,rescnt those two clmrncrts, Md it is suggested that it may hb prof-
itable to dctcr"ainu, to what extent thcy alone may be able to acbount for the
observed phenomena. Moro epocifIcally, and more tentativoly', it is suggest-
ed thit the former may be related to the hardness of the targe't material,
mnd that the coefficient b in the latter may be represented (as in ex-
terior ballistics) as the- i of the ;natorial, modified by a suitable
"dra• coefficient." Notes-7--i8 report ballistic and hardness tests which
Mly bc rele'fint to the determination of the "shatter strength" a.

The report concludes with a Glossary of symbols used, and a Bibliog-
ra-hy of the principal references consulted in its preparation.

r, L' !r E N T I A 7



2. PUAB f'inal report for the year ending June 30, 1941, Part I* Con-
fidontial.

This report contain the small-caliber penetration data of the first

Princeton "Concroto Proportion Survey, the object of which wMs to obtain
z.ftti .,Lurormation on the effect of concrete properties on penetra-

tion resistance. The then currant theories of'concrcte ptnetration arc
discussed and the data are analysed .in torus of the classical Pwcclc.ti1
thocry. The first evidence suesting. the existence of the M •ffoct
for concrete penetration is prosontod and discubsed on pnt€ 48 of this
report.

3. Penetration of projectiles in concrete, by R. A. Both, PPAB InterimiI

PRport Nc. 3, November 1941. UnclassUfLed.

This report sUggsts the use of an cmpirical ponctration formula for
c6neroto 6f 1ýho fox.rr C - XK~ V P'ho~ ire s .1s the nose correctod penetra-
tion in calibers, • is the caliber .donsity of the nondoformring frojcctilo,

Y. is the btriking velocity1 g, is the callbor, and &.9 5, and = ao corstants.

Tho factcr d" ropresohts the scale cffoet,

4. AP bomb test--coment., by R. A. Boeh, PPAB Interim ReDert No. 9,

April 1942. Un:.1assified.

"Biblioliiaphy, data, and dinession'of tests•with*T2-;n. AP prcjcc-'
tiles, weighing 1000 Ib, striking heavily reinforced. corcrete slabs, of.
three thicknesses (36, 60, and 81 in.) at 1000 ft/sec and 2C° obliquity.

•Caliber .45 penetration data obtained on unreinforced 1-ft cubes u +.he
same concrete are also Civer. and 1i att.rn'.I, i•. ado to evaluate the scale*.
effect according to the type of formula miggested in reference 3. This
invoices, a surgested method of making allowance for the density of rein-
forcin" steel on penetration.

5. A• brIef .b2LYVm of lecbnt data bn penetrstion in concrete at various ,

scales, lay . A. Beth, PPAB Interim Report N]o. 18, June 191,2. t.-class.fed.

A sam~ary review of penetration data'at caliber .45, 37-mm, 75-m-9,
155-•-m, 12-in., and 16-in. scales. The data are analyzed and correlated
in term= of empirical formulase of the form suggested in refersnce 3,
Scale-effect graphs are given. Some data on sticking, sc'bbir.r, and per-
foration of concrete by inert projectiles are given.

6. Penetration and explosion tests on concrete slabb--Reaort It Daa,

by H. A. Beth and 4. 0. Stipe, Jr., PPAB Interim Report No. 20, January

1943. Unclassificd.

C 0 N F 1 B E . T I A L
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This report 'contains completedat+. ahd..oie .preli.ainary, a-ml-y;;)s in the

form of graphs of extensive tests ow 19 rcinforced concrete slabs at n*il-
ibcrs .45 and .5'0, 37-rm, 75--m, 3-in., and 155-mm sc.e;c. Penetrationz,
p- riorations, obliquit.es, and explosions ard included.

7. Ienctration und explosion tests on concrete slabs-Report II: Critcr

Profiles-,-y byJ.G6Stipe, Jr., PPAB Interim Papcrt No. 21, January 1943. Un-
c] ass~ifid.

laevon large prints of measured crater profile drawings which are rcpro-
c'uced at smallor size in reference 6.

8. Rasist.an(e of laminated concre.te slabs to perforation by R. J. I5anscn,

PPAB Interim Memorandum No. M-9, May 1943. Unclassified.

Report on tests made at 37-qm. scale to find the reduction in perforation
limit velocity produced by pouring concrete slabs in suc-ýssive' layers rather
tht.n monolitbicallye A lowering of limit velocity by not more. than 5 porcent
per construction joint was found.

9. Terminal ballistics and explosive _effects, Appendix to thi .PPA.3 final re-

port for the ye:r ending Juno 30, 1943. Restricted.

Tis -report contains a description vA Lc--n.al-bailistic nhonc;•ena with
concrete, steel, troor, and other target materials, borether with a compila-
tion o.. considerable quantitative information on these subjects in tnoh form
of tables, -graphs, and nroogTrans. It was originally written to assJst the
Corps of Mngincers in the preparation of a new fortifications manual.

iO, .Concratn pron,;rtics surve , by R. A. Both, J. 0. Stipe. Jr.,, . L. DeReus,

and J. T. Pittnrer, C1D Intorfit report No. 27, July 19!4. Unelassificod.

Z Tho. ,Tort con••iqts of thrtc scparat•cly bound parts: "Effect of
roncroto pToNprties on penetration resistance," "Appendix A-Proparation
and phy-ical tcsts of " " and "App.ndix 13,-Penatration Iata."

rn order to uxnloyt the oftect of various c'oncrete properties on peo.•tra-
,'r.n rL.,itane 15!4 I-ft cube tar~ets representing about 75 differ-nt con-
,retcs rwcrc made and tested for penetration resistance using nondeformin-
hr,,-.:nead-stcel caliber .50 rodel-scalo projectiles. Tests werc m-adc at
norm-.l incidece 1with striking velocities from 600 to 2000 ft/see. The
• .r; Lt r Concrrte Properties Survey data reported. in reference 2 were neithcr

- ,,xt,;n.-,Lv nor so iccurato as these newer.data and should therefore be

L 'L
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re•nrded as preliminary or Auxil1lar- M tho dqi. of this revrt. SXz,_-.r.y
tables of the data and a discussion and analysis of tht results irt con-
tained in the first part of the report; the two appendices €ontair, com-
plete descriptions and original data on the parts of the work indicated by
their titles.

1i. Ballistic tests on concrete slabs, by J. G. Stipe, Jr., U. E. DeReus,
J; T. Pittenger, and R. J. Hansen, CFD Interim Report No. 28, June 1944.

Unclassified.

The separately bound "Appendix A-Tables of data" contains full tabu-
latioz• of all original ballistic and concrete data.

Perforation,. scabbing, and penetration teats were made on 133 concrete
slabs in" this companion'program to the work c f reference 10. The same
caliber .50 projectiles were used and slabs from 3 to 13 calibers thick
were tested. These small-deale tests were planned to supplement the in-
formation at larger scales in :reference 6, particularly with respe~ct to
the effect of slab thickness, concrete strength, aggregate gradation and
size, various rchemes of reinforcement, scab plates, and obliquity of inci-
dence. The following relations were foundt e/d = 1.23 + 1.07z and
a/d = 2.28 + 1.13z, where e/d and a/d represent the thickness (calibers)
that can be perforated and scabbed, respectively, and z is the penetratio..
depth (calibers) into massive concrete of the same characteristics -t the
perforation or scabbing limit velocity. These relationr show good amrre-
ment with the data except at oblIquiLlos -.4'-.te oe.

12#. Repeated fMre and edge fire effects on small concrete slabs, by
J. G. Stipe, Jr., CFD Interim M'emorandum No. M-12, July 1944. Unclassified.

The number of rounds required for perforation of reinforced concrete
slbs by repn-ated fire attack with caliber .50 modcl-scalc nrejentiles wa.
tested for t'wo thicknesses of concrete, two rcinforcing zchcimqs, and for
different distances from the slab edge. Tables ol ballistic data and m.ny
observed crater profilc drawings are included.

13. Composite slabs, by J. G. Stipe, Jr.; CFD Interim Memorandum Io. M-13,

June 194h. Unclassified.

A mcthod of estimating the perforation proof thickness of slabs com-
poscd of concrete and steel, soil and concrete, and of the three materials
is proposed.

C 0 F'I D'E N T A L



U.-. iK'r.-tron thenryr: Est-Nates _df..,41ocity anI time durinr penetration,
by F,. A. notI,, Division 2, IDRC Monthly Repoft OTB-7 (OSRD-4720), February
1-45. Confidential.

T11- pipcr sumiarizes the theory of the variation of the resistin- force2 uuring projectile penetration for three cases: (1) R is i cmar.ant (thfoibins-Euler Lheory), (2) R is a function of the remaii•ing velocity v o-.ly(zectional-pressure theories), and (3) R is a function of the penetrationdepth x only (sectional-energy theories). The functional form of R is n9tknown Sit there are reAsons for believing that the actual curve fo; R willfall between those predicted by cases (2) and (3).. A knowledge of K would"be a step toward solving problems of fuze and projectile-design and The de-
sign of comnosite targets.

15. Concrete penetration, by R. A. Beth, NDRC Report A-319 (OSRD-4056), March
1945. Confidential.

An attempt is made to revive tbe Poncelet hypothesis by postulating aforce law of the form R = a(x) + bvy for concrete penetration, and a(x) andb are evaluated from caliber .50 penetration data in reference 10 and someadditional data on the effect of projectile mass and nose shape given An an
apper.d.... !,'alculationr of resisting force, time, and remaining velocity dur-ing penetration are made. The theoretical con;9quences Qf a further gener-alization of the Poncelet force law, R =-a(x)v" + b(x)v', in which thefirst term is able to take account of the concrete scale effect, are workedout in an appendix. Later, developments along this' line are described in the
appendix and taxt of the present report.

16. An electromaffnetic method for measurinr rroJ,_ctile '..loeity duringe
penetration, by R:. A.. Beth, and E. J. Schaefer, .FRC alr,-ort A-329 (OSID-0175),
Junp 109h5. Confidcntial.

Tho method consists in mag-netizina the projectile and rccordir- theclectromotive force induced in suitably disposed coils duringcc,-raion
in a ronmagnetic and nonconducting target material like conurttc by means ofa cathode-ray oscillograph equipped with a lincar tt.L p 'The renortoutlines the theor- : wnd design of the coils, the equipment used, and do-

s ri eo t'nary- cxperimrntal work including thb methode of stabilizingthe m'i'nctic moment of the projectiles against the effects of £mpc'..

17. Penetrntion theory: Separable force laws and the -tine of ptnetration,
h:, R. A. Both, .DRC Report A-333 (OSRD-5258), June 1945. Confidential.

This report considers the consequences of assuming A separablo force'v..:th form R - c.g(x).f(v) as an alternative to the 'eneralized Pencelot

""7777 ='L



force law refere.nce I", General formulae are given for penetration as
a function of striking velocity, remaining velority as a function of depth
during penetration, and for time of penetration. A nimber of special
c:tses are tabulated, including all of the classical theories of peretra-
tion. A separable force law for perforation leads to a relation between
limit, striking, and residual vel-icities of the form

F(ve) = F(vo) - F(vr),

• hich is independent of the projectile mass and the target stroenth under
cerbain plausible assumptions.

Z89. Ballistic :tests on concrete slabs, II: Effect of nos~e shape, by

J. G. Stipe, Jr., Division 2, MRtC Ilems A-1121 (OSRD-6638).

This report contains una~llyzed data on a continuation of the work of*
reference 11. Perforation, soabbing, penetration, afid ricochet tests were
made with caliber .50 projectiles of various nose shapes at normal inci-
dence and obliquities up to 60 on 41 reinforced concrete slabs from 3 to
18 calibers thick,

C
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II. THE PIOLM! OF CONCRETE PERETRATIONv -

1r, attemntirn a rationa?, aporoach to the complicated pmblenzb connected
w-,_ith Mhe interaction cf a projectile and target it is impertant to distin-
guish between penetration and perforation, and to analyze the effect of
obliquity by comparison with the corrcaponding case of normal incid3nce..

In a strict sense the term penetration is reseried. for t2he ntry of a
projectile into a target without passin.g through it. Penetration into a
massive target or, simply, maesive penetration is often used when we wish t.,
emphasize the fac't tha't there is no. yielding ru'pture of material at the
back flce of the targdt.

The term Perforation is used specifically when the projectile passes
ccompletely through the target slab or plate with a finite residual velocity

upon enere-en-n from the back face. The lowest striking velbcity v., for
which the projectile will just perforate the target is called the limit "!! velocity Vt.

In the transition region between massive penetration and-perforation the
presence of the back face perml.t.w a progress.'vely grsaLer penetration .than
would be obtained with t c giver striking "7p.ccity I. a muasivo targct.

Fnr a rational approach it is also doeirable to consider first only
in ,rt and nondeforming projectiles* The effects of an explosive projectile
deperm on the stage during the penetrat.Lon cycle at which the projectile
Ietonites. For maximum effect the detonation should take p.Lace after the
maximum inert penetration depth has been reached 1  -,..s is determined by
a time f e setting, the instant when the decelerating force becomes
sufficiont to initiate the fuze, and th, time to maxima inert penetration
thero.ftor nued to be estimated. Both of these needed items of information
dc-nd on an understanding of the phenomena of inert penetration.

With target mater'als like concrete a steel projeitila almost never
r. ",<nile ainst hard armor ther i$ a eetitien between the plate

m .• ccomnplete discussion is givr in xff..n.Mudng"diagrms,
.•ar.' '" , .ind rrrTphs.

-- .T ....... '..7 L -12-
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ant the projectiln which, especially at high striking velocities or

Co'!.quitLies, often results, in projectile. deformation or.rupture. Even

aZa i.st concrete '-.he bal? izi9 cap or windshield with which many scrvice

projectiles are provided, is. crushed and swept #way# Thin-sheUled HE

projectiles or GP bombs may Also be deformud or rupt*4ired amainst concrete,

es•ecially as the striking velocity is increased.

Thus, for the problem of .cncrete penetration,. the aim has been to.
find-first the laws governing the penetration of an inert, uncapped,
nondcforming projectile of conventional form penetrating a massive .con-

crete target without yaw -in a direction normal to the targct face (zero
obliquity).. This has been considered the primary problem and the phenomena
of oblique penetration,-of normal and oblique perforation, of projectile.

deformation and explovion, and so forth, are to be elucidated with refer-
ence to it.

Most practical problems on concreto penetration involve one or more of
the-factors of pl-rforatior., obliquit, :deformation,. cxplosion, and so forth,

In time of war tho soeming vrMeney.-of. finding direct answers to sp!ci~fic
practical. problom,.teods t. work .against -the. attempt to. pursue a. logical
sequence of experimentations -Unless Lnterrelations: among. various Darts
of the problem, Such .aa.t:h ce 'cscvi-•.I. :.re kept:clearly.in mind in plan-
ning tests it day. easily become impossible to correlate the results from
different prorama .because -too mnyL.yariables. wero .Ghanged from. one test
to another. Such ad hoe experimentation: is,.in the- end, very wasteful
And t.me-consuming because it prevents the attainmehit- of. a, quantitative
ever-all view which would, provide. immediate answers to .w'y' py,:tical
problems without the expense and delay involved in =%king further tests,
For this reason the Princeton group has made every attempt to plan con-
crete penetration and perforation tests so that the interrelations be-
tween various experimental pro'-rams may be cxploited to shed light on the

m~eral •problem.-

For a given projectile and concrete target the maximum penetrations
are nnt prornrt.-onal to the striking kinetic energy,- as they would bc if the

I I IIIpp. 1-11 in Ref, 76.
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Lor•:e r_,sistinf the Drniect at each instant t-crc corst..nt and VC samu_

for all penetration3. This suggests that •ho rcsisting forIc deonvnds en

Cipth or velocity or both during penctrstion.-/

Expcrimoents fturt,%crmorc show that a "scale nflcct" eXiats for pone-

trationu into coworcte. This nay bc described as follows. Consider similar

projectile• (Same shape and same caliber'density).striking a givcn concrete

target at a given ve!.ocity v01 then it is found that the maximuLm caliber

penetral .ns z I are not constant but increase in a regular way .,.ith the

caliber of the pojectiles. This phenomenon suggests that the resisting

force per unit area of the projectile must depend on the caliber d.

Thi physical origin or cause of the scale effect is not understood.

Among t:.e suggestions that have been made are the followings

"(a) The resisting pressure may be a fqnction of a purc number

ratio s/d, where s is a characteristic length .ssociated with the

strecture of the concrete, such as an aggregate size parameter. The

length s should probably be defined to take due account of the rel-

ative proportions of various aggregatc sizes present in the concrete.
In a general way this suggestion is in agreement with the ozservcd

faet '.hat increasing the fineness modulua of tho aggrcratc i.ocd tends

to increase the penetration resistance of concretc. The ph- .:•aI

mechanism underlying this ugs.- .,: snould depend on th0e difference

in critshing st; .ngth bct.,';cen the aggrceatc particlcs and the inter-

stithl cemcnt in some way. If this is the case, thon the scale cffcct

should be gre'ater for weak than for strong cOhcrotes. This has not

been observed, buL perhaps sufficiently accurate data a-e not yet

avilablce

(b) The resisting pressure nay be a function of the actual

depth 5 in the concrotc target rather than of the caliber depth z.

This would imply an inhomogeneity ,With depth in the targct i.n the

sense that the deeper layers should be less resistant to pcnetration.-

- R:',f. 14.
~ (~(' TW~34 In Ref. 10.

Tr ID E N T A L,



(c) Thc rcsisting p~rcssurc. mRy depend on the time rato of -

formation of the tarjet Tnterial, This .ould imply that the resist-

ancc should incrcaso wiith a quantity like v/I vr.hinh ha.! th: dimensions 4..
of a rate of strain,

c j,41 D . :• .'
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III, RMCOMMIDED APPROXI2AMTE PENETRATION T.EORY

Time and space do not nort permit a full discussion of all aspects of the

theoryj of concrete penetration! for this refvrence Jo made V. pr-rvious rc-

ports. Instead only the lmbL solution that can be rcommiended at the pre-

sent sta'c of the work will be dcscribed. A critical discussion of the most

rr +, pe",!ou.1 theoretical report •nd .thc path that has led to the proscnt

recommendatior' is given in the Appendix.

We base the rocon,.ended penetration theory on thr followin,; a3ssumptions

for a nondeforming projectile of conventional form penetrating a massive con-

crete target without yaw in a direction normal to the target face (zero

obliquity):

Assumption I. The forcc per unit area resisting the forward motion

of the projectile in the target can be represented to a voer good

apprcximanion by e separable force larV

R = c-g(z).f(v), (1)

where z is the depth of nose penetration measured in calibers and v

is the romaining velocity at cien instant.

Assumption IT. The depth dependence of R can be approximated by

r- z/2 for 0 < z. < 2.00 calibors.

[= 1.00 for z > 2.00 calibers. (2)

This assumption is an attempt to take account of the en-.ry or the

pointed nose of the projectile into the target nr theV ei c ct that

the cseape of target matcrial during cratur (:.'mnatiorn may have on R.

Asswmntion III. The velocity' dependence of R can bc approximated by

f(v) =v (3)

wnerc a is a constint. Doth the fractional exponent ncodted for fit-

tnin the !.ita 'ind the fact that f(v) then goes to zero with v are un-

:/ S,,o Rel. 17 fo'r a general treatment of this case.

7.
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z.,tsfnctory from a1 pl-ysicul point of view. T eso defects arc

.'1zoc 2ced wi th our basic lack of knor.e'dge concerning the physical

causc:s of the11c velocity depondence mf R.

Assurption V. Tho constant c is inverseL~y proport±1on al to

hrcK is the 'penctrability"' of t-.he concrete, D is a nose nhapc

factor fir tho pre-joctilap dl is the caliber, and #_ a numerical cxpo-

n~ent. Tne form of the assumed scale-effect dependence on d is A.,YIin uh-

satisfactory, but until we attain a botter uindersta,*nding of the under-

lying'physical phenomena (see and of Part II) it ocoms difficult to

4.,prove this formulat-lon.

Assumption V. An excellent rcpresentatiol. of concrete penetration

dita atc all scales is obtained by assigning thc V111ACS

=1.80 and.!= 0.20, V

or

Accordling to these five aseurnptions the law of force for concrete: pen-

etration bacomesY~

R Z tz 0~ " 21 x const . (6)

Thr, ej.ristlon if !--otion catn bc. into-n-atcrI by Iscparation of the variahlos.-/

Usin" a hybrid system of units- that is convenient for practical numcr-

ical computritiorxc, thec rosultir.C 122peration formuli cin .1c nut In :

*~(I L z)K ODV~ (n

Tho nurerical valucs ofl andggivan in Ass~nption V *;,cri fournd f rem
concrete np.natraition d.ata without I~ssumi-ng 2 -~,~*The f.Ic L that they

lead to a force lar: in whic-h both the velocity dcpandence and the scalr2ý
dec-ne;nerce can be combŽined in the factor (v/dr" may bc significant in con-

rncctI,7r. xi th tlic nrobli.mr of the cause of thc scale effect is discu,103,d at
-7.1 -)f' Pirt 11.

7/ Thl- ict-tils of. thc intagration irt. not repeaited hcr',. ThV :!:"L

ean-)1 -,,,.-red IiI provin'.ts rcp.orts., espcc.Ally Ra:fr. 1 andi 1.7.

mr~naru p. 11 in Rtcf. 1r.
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"C:)j) z i/L Lf ,r 0 < z< 2.00 calibe'rs

t - 1.00 for z1 1 .00 ca'.1bcrn

= firal max~lum nose pen.trition (calibers) of the ,
"i pure• eu-ber

"n.:rietrtbility" ,f the concrcte. Units are such 'i trr-~Z) a p.r c nx'&mb6r

= nose fictor for the projectile, a pure number
d caliber or maxinum diameter of the projectile (in.)
D = ratio of woizht of projectile (lb! to the cube (7f the caliber

(in.), "caliber density" of the projectile (lb/in.2)
V "- v/1000 = striking volocity of the projectile (1o3 ft/see).

In those units the resisting force per unit maxirmun cross-3cctional arca
cf the projectile, Eq. (6), is

363.20(VI g(z) lWin.,

where V is the instantaneous remaining velocity of the projectile in thou-
sands of f-!et per second, and d is in inches. The relition bctwcen V and
u during penutration is given byV

0 (Z,) + 1.80
S*w = 1. )

The. timea(ne-c) from the instant -if i`mact to iny depth z durine
pe3notration may be computed frm

X 2 I = a pure nu-,bcr, Air GN) 1 1/1.80 function of 7. --n

"-..here x (ft) i• the nose nenetration Nx = zd/12). The total ti-e ofi n<2ne-
tra!.ioia, oImsec, can be determined from

_/ C.rnPaie Eq. 15 and Fig. 2 in Ref. '7.
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Vo 1 dz a nre num-ber, a'
Z • - 11/1.80 function of z, only

00()---1

where x1 (ft) is the maximum nose penetration tx, = zid/12]. The right-

hand sides of Eqs. (10) and (n) are uniiersal functions for concrete,

independent of the target and projectile parameters K, n, d, and D. Thus,

by numerical evaluation of the integrals, a graph can be made for

finding values of Vo /X1 and V 0cl.. / Then the determination of oor cr1

is redoned to simple slide-rule operations for any particular case.

',na'Toroitr to Fig. 11 in Ref. 1,5
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IV * DATA M':LATIcTS

T•,ic ouztlj ine sufficiert Lo ind cate the scope 6f the recomended .clu-

. .- I" on the :A. unptiors I .:j'oonh V. it remains to show iAo.r K . "t

"--a", be eva.luoted.

if C(z,) iJr rpotted ara•inst V1.30 for a given set of ot,-erved da(ta

(same prcJectil, on" the sane concrcte target,), the. points will IV found to

fall or, or near a .traight line. th-ough the ori!ýin. The slope is equal to

K Act ` D according t6 EA. (7) 1ýth (7) and (9) carn be conveniently

representea -s suraight lines if. specil -. graph paperx is prepared on which

the abscissa distances are proportional to V and are. labeled with vslues

.cf V anct uo which the ordinates are proportional to G(z) and labeled !with

values of z.i/

Usually the weights of the otherwise similar proJectiles lised in obtain-

ing a given set of data vary somewhat. For mimerical calculation it is , .i

therefore better to "mpute D'V,•1*e separately for each shot. In combining

the data from a number of ahot3 in evaluating K and nit is suggested that an

appropriate weighting of the data is obtained Iy susmmlng the values of

G(71) and the vAlues of IWO 90  Thus the deeper penetra~tions will have a

proportionat.ely Creater influence on the computed results.

This principp.1 was used in recompuLing the -aliber .<0 n,.5-0h.' data

Civen in a previous :?port.-/ The resu!*z are listed"lir T"blp 7 Where KA

war. computed from

K7&DV 1  (12)

-- 0

The nose f..ctor Yt is defined to be unity for a 1,5O0-cal.,hnr ..,vlju i

o.Lve nose. Wfith reference to this the,'value of t for the other nose shanes

used was computed by simple dividivo. Thees valtes of'- aro plotted against

".'..*• h,-irhf. h (calibers) in Figs 1. For a tangent ogive of n calibers

a-lius, n i. easily shown to be

11/ This.-io a partbiculgl applie&tlmo of-th. principles described on
• :,d !in Fig. 2 of Ref. 17, , .

SS.e Appendix C in Ref. 15.
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h =4n-.70 calibers. W2:)

The straig.ht line drawn on the figure is

"= 0.72 + 0.250 h. (V,4)

It is dashed from h = 0 to h = 0.50 because, strictly speakin-, a tangent

ogive is Impossible with h less than 0.50. This straight line is closcly

related to the similar straight line obtained from the same data in a pre-

vious report,.-2/ but the values have been recomputed in accordance with

Table I. Evaluation of ?i from caliber .50 nose shape data.

Target Ogival Nose Number
sube Height of 1.80d.20 .80 KCulbe n hof i-tI DVK7

No. (caliSer-s) (calibers) Shots0
- 0-

B3B 3- 7 1.0~ 1.11.8 1.0 hjo-15 9.0142 1j.j4) 100
B3B 3- 7 Flat 0 9 25.32 7.852 13.922 0.726

B3B13-17 1-50 1.118 6 25.47 5.103 4 1!/ 1.000
B3B13-17 0o5D 0.500 6 18.79 4-.411 1-ý6 0.853
B3B13-17 Ilat 0 3 6 19.68 5.548 3.547 O*7Ai

133B20-24~ 't.50 1 .18 6 118.19 4.4&J19 kr.116 5  1.0000
B3B20-24 3.10 1.688 7 29.57 6.290 4*701 13.1 t2

_ll - ý9 =Muni

a/ The underlined vwlue is the penetrability K for the concrete since
It= 1.000 by definition for the projectile with n =71.50.

Eqs. (7) and (12). More data on the effect of nose shape Are needed: it is

important that K, d, and D ue held constant in obtainine comparative data

on the effect of two nose siapes on penetration. Until better information

is secured it is felt that the relation given by Eq. (14) should be used as

a basis for estimatingleven at largemr calibers.

Table II lists such estimates of' for some cnf the projectiles on which

Axtensive data are available. In estimaL.lng :.for nontangent ,trd -o:-ite

orgives, the actual nose height from tip to bourrelet was not usd tree':i,

but h was adjusted to correspond to a best-fit tangent ogive approximating

the actual nose shape as shown on the projectile drawinvs. The values of

I / f, pp. 18-20, 25 in Ref.15. The script his usc in this- renort

. '. fr-n the 1: of :;of. 1r.

SC C i; _____________;___ _ .
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,d0*0, and ncd0"20 are also listed for each nrojqctile in Table II. These
give a representative picture of the kind of variations involved in the nose

and scale effects.

Table II. Rosa and scale factomri for relected Mrojecti:is.

Caliber Esttimated IScal e
ojectil Reference h Factor ld 0'2 n"; R f r n e I ( Z ) . I - [O.20 '

•. ,(caiThersj d0 . 20

Cal' .50 E-6 10, 11,.15 0.49853 1.118 1.000 0.870 0.870

37-qn1 M8O , 6 1453 I 1.169 1.012 1.078 1.091
37-nm V74 6 1.453 1.123 1.001 1.078 1.079

7*--m M61 6 2.945 1.04 0X.71 1..241 1..205
3-in. M79 6 2.995 1.192 1.018 1.253 1.268

155-eM UM.12 6.092 1.098 0.995 1.435 1,428

The effect of projectible mass on penetration is ,niquely determined by
Assumptions I, II, and IIL. The principal available data are analyzed in

Table III. The results shown in the last columi suggest that the values of

K as complted from data for similar projectiles of different mass on the

ame concretA may toend to increase with D. However, the best set of data
(37--n) with the largest nx=ce4 o-" shots shows practically no effect of this
sort. Insofar as t1is trend .s real these data indicate the degree of

approximation involved in Assumptiors 1, II, and III. It may be that the

theory would be improved b.y adding a Poncelet-type inertia term to the
velocity-dependence assumption but the present data are felt to be insuf-

ficient for the evaluation of ouch a term.- i',thcr , hoidi-& 9 : •,

n, and d constant, are needed. .

11/ see the Appendix nf this report and Appendix B in Ref. 15.

1; 0 1: F L D



"Table JII. Penetrability deternined 'rcn lata for sl-.l" . zr-ýiectilfs
of different Trans on h s&-.me concrete.

jAverage
Dataj KNzaC Ialiber' ofl6cl"$:- o 0.201 K
~efer-'Tar~cet Projectile 1Den I I I - i

1(lb7inh)
-- - - -

15 B.IBB-12!Cal 50 11ollew Q36 .4 02 1:9 0.8:,67
15 133M-12 1'• .5a E-6 0. 5 6,.7' e .. " .iLo .. 2,-.

j5B81l 5 Carboloy 2 l I W 12Z.18 IC, n.13 a/Oi%.1Cr0 C1 1 L4 14 . 3 .7o '.

I I I " naa -- 01.

6 Sla B hI 37--nn(80 0.-5338 6. 1!6 123.061 t-09O1121392
6 Slab.4BI37-imm IM74  .63 1k '77.361 289^11072.9

6 Sla0 6B 155-m 11112 .378 4 1'16.605 1 4..225- 1.4292..752
6 ;Slab 6BW155-•R WI12 .430 • 15.050 , 3.630 1.h2812.903 .

I MM MaMU - - -
a/ Omitting three doubtfal shots included in the next line.

&Sme scale-effect data aft analyzed in Table MV. The agreenent between
the values of pehetrability K as lerived for the same concrete from penetra-
tion data oAtalned With different calibers d indicates tho' degree tc which
the scale-effect factor da 2 0 .is able to revre.-.i. nt tu fact.. U'ntortunately
both D and P factors are involved in ll ff the rva ilab..ý d.ta. Scale-
effect. data in which N, .5, and D are held strictly constant are greatly

needed. ,,wvertheless the 3greement secured is felt to juistify the. use of0
the present formulation until botter information becomes a,7ailablo.

o, ystematic analysis of the effect'of vxrio'v uoc:'t.: pro,.erties on

the ncnetrabillty _ has yot b;en made.. A conVldIr-b.le amont of data in
I$h , and D were hold copstant is availablc for this purposo-5/ and

ko. !rork , . carried cut.. A number o& tynical values of t in the
rrn,•,•. 2.v- ) :< 5.0 are .r•oh' in Tables I, III, and IV. It will be noted that
thn - • • .,. . y t,' m of units -c•u• csteo. in connection with Eq. `7) leads to t

" 'r":.i.;nt zricil values of K wvithout the use of awkward powero of ten.

" ' " . 2l.11r -lat-a are given Ln Ref. .
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Table LV. Penaetrability determined from data for proje tiles

odiferernt c alber on the sam conrt.

(Data !rom Ref. 6)

nd0.'20 - 1.091 for '7-m -U80 projectilo.

7,P.20 = 1.428 for 155-r= H112 projectilce.

•i~Tr obe •o,)i-.D
Target Projectile nCaliber of ts! • -

D- Shots j(lb7in.)

Slab 6A 37;-1m .554 12 162.,409 20.115 2,345

S1at 6A 155-c .379 3 11.O4 3.261 2.310

Slab 6B 37-eu .554 18 139.127 12.624 2.842.

Mlab 6t 155.4= .401Y~ 7V 319'655ý/I 7-8552/ 2.822

Slab 6C 37-um ,538 11 52.639 16.334 2.946

Slab 6C 155-oda .394 6 21.380 5.147 2.909

Slab 6D 37-u .554 11 48.460 19.674 2.248

Slab 6D 155:-a .378 4. 16.860 2.591y

Slab 6E 37-am .538 10 56.373 18.037 2.866

Slab 6F 155-m * .4 11% 1.01 ! 3.776 2.6.33

Slab t0 37-in •554 10 41.946 15.275 2.638

Slab 10 1 155-im .395 4 11.315 2.955 2.681

Combined 155-,im data from Table III.

_/ Graph of 155-m data for this case suggtsts possilility of systet

lc error in pcnutration measuroments with trni.rit (see pp. 17, 13 in Ref. 6).
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•V.. CCNCLUDI�, SUOGESTQu.s

Fuirther work on the problems of concrete nenetration apd perforation

sh.n-Id be pursued along some or all of the fqllowinr lines.

(a) 'be -most promising direction for.futnre_- fxmdaental work on Pen-,

etifition lieA I= fiaxiing and toiploiftinj
observing the phenernona during the ;snetration cycle. A promising

electromagnetic method of recording projectile velocity as A finction

of time diring penetration in A concrete target was siggested A-r

described in*a previous repore,,-/ It should be-possible to devise
other .ethods or to idapt those thet are'being used in the study of

"armor penetration. Measurements of the total time of .enetratiern or

of residual velocities after perfoiation.yrld also be very useful,
n .arti,.ularly in assaying the acour-cy of. -ny proposed theory.

The ih.-ortant thing in this type of Yvnrk is to go be5ond the traditional

measurement of only str4.ling velocity and penetration.- The latter may lead

to certain empirical fornulations, but does not reach the heart of the
proqblsn thus leaving us with on-.y the vaguest qualitative notions when a new

form of problem presents itself,

- (b) "The analysiB of existing concr'ete data sAotzld be continued

"along the' lines illuistrated in the previous Part. 'A study o'f tUv-

* effect of concrete propertie.s on K has alrectdy '%et n Wuvresteu. An

- analysis -of the acoia'cy rt the p-::iration formula, E;. (7), chould
be made.b" "t""t:-a"m'---"-=""

On the basis of the..•mbroved kr.owledge :of-vrmal penetration, existing

'ata on pdrforation and on the effoctS of. obliqulý fot. bbt.h "k j*'erion

and perforation should be evaluated again.Ea/

Graphs for practical applicaticnrs should 1: p~ipared to aid thr de-
si.-rer_ of .-.mpons and fortifications.

6 5ce Hof 115.
171S,'c Rcfs. 4, 6, I!, and 18.
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1C) •,c ,.alysis of existing iata will also ser.e to emrharizc

ý.he r&,,:!d for additional observations on certain points: t,.', n re, .e

Nbttt' r nnse-erfc:t, .%ass-efiect, and scale-effect data has already F
bcen mentioned. On the whole a thorough knowledge of existing 4ata

including its defects is desirable in order tu plan further tests

fur maximum effectiveness and value.
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AFPPDIX

Poneplet -¶ype Forcc Lawr for Ccncrete penetration

In a previous report bn concrete penetratio y/ a f 1. w law of the
e~nr~',-:4Poncelet form

R - a(x) + by" (A-i)

was postulated. Caliber ._0 data -acre used to evaluate a(x) and b and a

very good fit was achieved. Larger-caliber data were not considered..

However, these results and their extenaion to larger calibers do not

seem to be completely satisfactory. It is filt that the following

dLfriculties may be directly attributed to the strong increase of the by2

tern with v in the force lah, Eq, (A-1):

(a) Figure 10, page 31 in Ref. 15, shows that tho cruqhing 'c,-

sistance a(x) has a maxi inn at about 3 calibers penetration and then

decreases to about 50 percent of its maximum value at 15 calibers.

There are reasons connected with the curing of the concrete-/ for a

possible decrease or crýish.n* resistance *ith depth in concrete, but

it is hard to believe that the decrease is really as treat as 'is

by this curve.-

(b) The theory of Ref. 15 gives a basis for comrnuting the
0

change in the penctratwlor f.',.- _ st.-iking caliber energy, DV., as a
function of maximum penetration) with tho zaliber density D of the
projectile. For large D the computations lead to a downward or
negative curvature of the penetration curve as is illustrated by the

compited curve for the. tungsten -carbide pr-)JeCtiies..¶n fei•".'page

27 of Ref. 15. If this were true, the penetrati cn 'e, d i,,.r
more rapidly than the striking er'erOy vnder ccrtain circumstances.

The tnrgten carbide data which seem to support this are rather

w-Ak as is shoin by the :'Remarks'1 in the data sheet.W2/ The data
for larger calibers tend to deviate from this computed ciliber-

dersitv devendence in a way which sug,,vests that the penetration curve

• .ct. 1 ioe,; not tend to curve downward for larger D valucs.

• '.i*',L'. 10.* .. :'-. .f, 1' :' .• '

. " " UNf, i" SSI.E
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71c Loriputations for the effect nlj''jetie mass

noretration bn the basis of Eq. (1) ir. a'. :ýc.#ard and

numerical di ferentiaLions and integra .i.. ,hi,. th,'

ment -iainst t>.e possible correctness .s .• ass-p!. ion,

if arn equally good reprcscntation of- e ig , datL- -•'i2

of a simpler or more manageable appro; ..-,, cen to the forc

It is not felt that, the theoretic. ..

inert-*.a term, byv, in Eq. (1).is suffician l strong, part.

frojc.tile iS being rapidly decelerated, t- vercome the cc.

cul.ties enimerated in (a) and (b) above.

In Appendix B of Ref. 15 the theoretic," consequences v

force law of the form

R a(x) v A + b(x'

are worked out. It is su~oste'd that this MnT he 1-Hu. to cc

uffoct by writing tho first ten-. in the' form A(z) • (v

olibcr of tho projoctil. and a = x/d ctlil-re. Vilue of

of 0.10 to 0.12. may be deduced from pentritioon dat¶ of cliff

on the some concrete. It Is ourprisini ind probably siinlfi,

such a value of A, selecotr-d on the h-vin, -f 9.

things happent

(i) The inertia tezrm, b(x)vY, is no lorror ne~-d- to

for the effect of chan~s in projectile. n.ss, VA then i

(it) the coefficient, ;), ,riscs to .% .. xI, . . Thou

celi~brs, and then rcemain ensibly coy '.'.

is much more plausible than the ... _ .... *r Tw .. .

r:omput-d on the btrsis of Eq. (A-',

.h.r.,a observa.i'nns Thed lircctj to tho theory rtcm.cr .::]

sent rryvirt. w.hich (Qurrosnorndu to !&4. ý-2) with the l::t t-.e o

W11CLA SSIFiED
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A theory of perforation and penetration of concrete wnich represents the best recom-
mendation that can be made in the present state of our knowledge of concrete penetrations
is presented. Formulas are derived for computing the resisting force during penetration
and the remaining velocity as a function of depth during penetration. Selected data on

the effects of projectile nose shape and mass and on concrete properties are analyzed to

illustrate the application of the proposed theory.
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